Interleukin 18 (IL-18) is a proinflammatory cytokine in the IL-1 family that has been implicated in a number of disease states. In animal models of acute myocardial infarction (AMI), pressure overload, and LPS-induced dysfunction, IL-18 regulates cardiomyocyte hypertrophy and induces cardiac contractile dysfunction and extracellular matrix remodeling. In patients, high IL-18 levels correlate with increased risk of developing cardiovascular disease (CVD) and with a worse prognosis in patients with established CVD. Two strategies have been used to counter the effects of IL-18:IL-18 binding protein (IL-18BP), a naturally occurring protein, and a neutralizing IL-18 antibody. Recombinant human IL-18BP (r-hIL-18BP) has been investigated in animal studies and in phase I/II clinical trials for psoriasis and rheumatoid arthritis. A phase II clinical trial using a humanized monoclonal IL-18 antibody for type 2 diabetes is ongoing. Here we review the literature regarding the role of IL-18 in AMI and heart failure and the evidence and challenges of using IL-18BP and blocking IL-18 antibodies as a therapeutic strategy in patients with heart disease.
INTRODUCTION
Heart failure (HF) is a clinical syndrome of impaired left ventricular function characterized by shortness of breath, fatigue and poor exercise tolerance (1) . In 2010, hospital discharges for HF in the United States were estimated to be one million, and one in nine deaths had HF mentioned on the death certificate (2) . Patient survival has improved in recent years, but the death rate remains unacceptably high, with approximately 50% of people diagnosed with HF dying within five years (2) . Inflammation is a central component of the response to tissue stress and injury in the heart, coordinating remodeling and healing by promoting extracellular matrix remodeling, cell proliferation, cardiomyocyte hypertrophy and affecting cardiomyocyte contractility (3) . While some inflammation is necessary for proper healing, increased inflammation appears to play a role in the predisposition to develop heart disease and may contribute to the disease severity and response to treatment (4) (5) (6) . Increased inflammatory biomarkers correlate with HF severity and predict adverse prognosis (1, 4, 7) . In experimental settings, the administration of proinflammatory cytokines promotes left ventricular dysfunction (1, 8) . However, antiinflammatory strategies in the treatment of HF are currently lacking, indicating that the inflammatory mechanisms involved in the development of HF are incompletely characterized.
INTERLEUKIN-18, AN IL-1 FAMILY MEMBER
Interleukin-18 (IL-18) is a proinflammatory cytokine that was first described in 1989 for its ability to induce interferon γ (IFN-γ) production (9) . The cytokine was later cloned and found to have a synergistic effect with IL-12 in the production of IFN-γ from T cells, natural killer (NK) cells and macrophages (10, 11) . This synergism is thought to be the result of IL-12 inducing the expression of the IL-18 receptor on T cells (12) . IL-18 stimulates the proliferation of T cells, making it functionally related to IL-12, but it is most similar structurally to the IL-1 family of cytokines, specifically IL-1β (11, 13) (Table 1) . Because of this structural similarity and other common characteristics shared with IL-1β, IL-18 is part of the IL-1 family. Like IL-1β, IL-18 has a secondary structure primarily consisting of β-sheets (11) .
IL-1β and IL-18 both are activated by caspase-1 following formation of the in- Interleukin-18 as a Therapeutic Target in Acute Myocardial Infarction and Heart Failure flammasome. The inflammasome is a macromolecular structure consisting of (a) an intracellular NOD-like receptor (NLR) such as NLRP3, (b) an adaptor protein, apoptosis speck-like protein containing a caspase recruitment domain (ASC), and (c) procaspase-1 (14,15) (Figure 1 ). Accumulation of adenosine triphosphate (ATP) and cell debris after tissue injury, among other stimuli, acts as Figure 1 . Overview of IL-18 signaling. Left: Stimulation with pathogen-associated molecular pattern molecules (PAMPs) and/or damageassociated molecular pattern molecules (DAMPs) (priming) followed by ATP's binding the P2×7 receptor (trigger) results in formation of the inflammasome. Caspase-1 then cleaves pro-IL-1β and pro-IL-18 into their active forms. Right: The active IL-18 binds the IL-18Rα-IL-18Rβ receptor dimer or is sequestered by IL-18BP . Alternately, IL-37 binds IL-18Rα and SIGIRR, resulting in an antiinflammatory signal. After the active receptor complex is formed it recruits MyD88, IRAK, and TRAF6 which activates NFκB signaling causing an induction of secondary inflammatory mediators and increased inducible nitric oxide synthase (iNOS) production resulting in contractile dysfunction. The receptor also activates the PI3K-Akt-GATA4 pathway resulting in hypertrophy, and increases OPN resulting in fibrosis. The question mark in panel B highlights that whether the IL-18-mediated activation of IFN is direct or indirect is unknown. a danger signal and induces formation of the inflammasome resulting in the cleavage and activation of caspase-1, which subsequently cleaves the inactive precursor proteins pro-IL-1β and pro-IL-18 (16,17) (see Figure 1) . Unlike pro-IL-1β, pro-IL-18 is constitutively expressed in unstimulated cells (18) . Activation of the inflammasome occurs in different cell types in response to injury (19) . After acute myocardial infarction (AMI), the inflammasome is formed in leukocytes, endothelial cells, fibroblasts and cardiomyocytes (15, 20, 21) . Although following AMI, active IL-1β and IL-18 are increased in the ischemic myocardial tissue, in vitro cell studies have evidenced a different function of the inflammasome in the different cell types (22) . Leukocytes produce much IL-1β and IL-18 and inflammasome positive leukocytes are found in the infarct area (15) . In fibroblasts, the activation of the inflammasome represents a stimulus for myofibroblast differentiation and collagen synthesis by increasing the local production of IL-1β and IL-18 (21, 23) . In cardiomyocytes, the activation of the inflammasome leads to caspase-1 activation and pyroptosis, but not to IL-1β release. Also, pro-IL-1β and pro-IL-18 can be activated by extracellular neutrophil proteinases such as neutrophil proteinase 3 (PR3) during tissue injury (24, 25) . Furthermore, pro-IL-18 can be cleaved by human chymase from mast cells at two sites, creating two unique species, only one of which is biologically active, p16 (26) . The p16 fragmentinduced IFN-γ production in vitro but with only approximately 20% of the activity of mature IL-18 (26) . Adding supernatant from human CD8 + T cells containing granzyme B (GrB) resulted in cleavage at the same site as caspase-1 and resulted in active IL-18 (27 (30, 31) . PR3 could also be the mechanism by which pro-IL-1β and pro-IL-18 released from a dying cell are activated. Conversely, IL-18 is inactivated through cleavage by caspase-3 (32).
INTERLEUKIN-18 SIGNALING
Similar to the receptors for IL-1 and other cytokines, the IL-18 receptor (IL-18R) is a dimer composed of IL-18Rα, a low affinity binding chain, and IL-18Rβ (also known as accessory protein-like [AcPL] ) that binds the IL-18/IL-18Rα complex (33,34) (see Figure 1 ). Both receptor subunits are members of the IL-1 receptor family; IL-18Rα is also known as IL-1 receptor related protein (IL-1rp) (35) . IL-37, on the other hand, binds IL-18Rα, but does not recruit IL-18Rβ, and instead recruits TIR8, also known as single immunoglobulin interleukin-1 receptor-related molecule (SIGIRR), containing a Toll/IL-1R (TIR) domain (see Figure 1 ) (36) (37) (38) . Since an active receptor complex is not formed, there is no signaling through MyD88. Once the active receptor complex is assembled, IL-18R shares many downstream signaling pathways with the IL-1 receptor (39) . Both the IL-1 and IL-18 receptors can recruit IL-1 receptor-associated kinase (IRAK) and MyD88, an intracellular adaptor molecule required for IRAK phosphorylation and for IRAK interaction with the receptor. Mice lacking MyD88 have decreased T cell proliferation and production of inflammatory cytokines in response to IL-1 and impaired IFN-γ, nuclear factor κB (NFκB), and c-Jun N-terminal kinase (JNK) signaling in response to IL-18 (40) . Similar signaling disruptions were seen when IL-18 was given to IRAK-deficient helper T cell type 1 (Th1) cells and IRAK knockout mice, suggesting an important role for IRAK in IL-18 signaling (41) . Like the IL-1 receptor, the IL-18R recruits tumor necrosis factor receptor-associated factor-6 (TRAF6) which allows for the activation of NF-κB and its translocation to the nucleus (42) (see Figure 1 ). IL-18 also activates p38 mitogen-activated protein kinase (MAPK) (43) . A direct comparison of IL-1β and IL-18 signaling showed that IL-18 preferentially activates p38-MAPK and has minimal effects on the induction of cyclooxygenase-2 (COX-2) which mediates fever through synthesis of prostaglandin E2, whereas IL-1β induces a rapid and intense COX-2 expression (39).
In the search for a soluble IL-18 receptor, an IL-18 binding protein (IL-18BP) was found by running samples of human urine through an IL-18 agarose column (44) . IL-18BP is able to block the activity of both human and murine IL-18 and prevent LPS-induced IFN-γ production in mouse splenocytes (44) . IL-18BP is not a member of the IL-1 or IL-18 receptor families, and has six naturally occurring isoforms (44, 45) (Figure 2 ). Human IL18BPa (hIL-18BPa) has the greatest affinity for IL-18, and adding supernatants from cells expressing this protein to human and murine spleen cells resulted in a 90% decrease and 80% decrease in IL-18 activity, respectively (45) . Human IL-18BPc (hIL-18BPc) and murine IL18BPd (mIL-18BPd) show similar results, while murine IL-18BPc (mIL-18BPc) is specific for murine IL-18, and human IL-18BPb (hIL-18BPb) and IL-18BPd (hIL-18BPd) lack the complete Ig domain and therefore cannot bind IL-18 (45).
INTERLEUKIN-18 LEVELS IN PATIENTS WITH HEART DISEASE
There is growing evidence for a role of IL-18 in human myocardial infarction, HF and other forms of heart disease. IL-18 expression is increased in human atherosclerotic plaques collected during carotid endarterectomy and its accumulation is associated with plaque destabilization (46) . A recent study conducted in the community-based cohort of Framingham, however, reported no significant correlations between the levels of IL-18 and subclinical aortic atherosclerosis (47) . High serum levels of IL-18 were associated with an increased risk of developing cardiovascular disease (CVD) in the general population, increased mortality in HF patients and development of congestive HF and AMI in patients with acute coronary syndromes (48) (49) (50) (51) (52) .
Plasma IL-18 levels also were increased in patients with AMI compared with aged matched controls and correlated with increased atrial natriuretic peptide (ANP) levels, suggesting that IL-18 may play a role in inducing ANP (53) . Immunohistochemistry revealed increased IL-18 and IL-18Rα expression in endothelial cells, macrophages and cardiomyocytes and decreased IL-18BP in the myocardium of patients with endstage HF undergoing heart transplantation (54) . Parallel to increased levels of IL-18, an increase in IL-18BP levels is seen in many disease processes. The naturally occurring IL-18BP in the circulation neutralizes the circulating IL-18 so that the "free" IL-18 levels are much lower than the total IL-18 levels, and the "free" IL-18 levels seem to better correlate with disease activity than the total IL-18 levels (55).
INTERLEUKIN-18 IN IN VIVO AND IN VITRO MODELS

Cardiomyocyte Hypertrophy
A cardiac muscle cell line, HL-1, treated with IL-18 became hypertrophic and increased expression of ANP, as shown by ANP promoter-driven luciferase activity (56) . This activation was dependent on the activation of phosphatidyl-inositol 3 kinase (PI3K), Akt and the transcription factor GATA4 (56) (see Figure 1) . ANP normally is expressed only early in development and its expression in adults is a sign of myocardial hypertrophy (57) . Daily administration of IL-18 to healthy mice induces ANP expression in the heart, myocardial hypertrophy, and contractile dysfunction (58, 59) . IL-18 knockout (KO) mice subjected to pressure overload developed less hypertrophy, which is a key feature of the pathology, but also had worse contractile function (60) . IL-18 KO mice, as well as mice treated with an IL-18 blocking antibody or with rh-IL-18BP showed a significantly blunted hypertrophic response to isoproterenol (IPO); the effects on cardiac function were not reported (61) . These results suggest that IL-18 is involved in the hypertrophic response in overload cardiomyopathy. Whether pharmacological blockade of IL-18 would have a deleterious effect by inhibiting the necessary hypertrophic response, or a beneficial effect by limiting pathologic myocardial hypertrophy and diastolic dysfunction, remains unclear.
Myocardial Ischemia and Infarction
In a mouse model of AMI, increased IL-18 in the serum and pro-IL-18 in smooth muscle and endothelial cells was found in both the infarcted and noninfarcted regions of the heart (62). A similar increase was observed in the serum and in the post-infarcted myocardium of mice subjected to experimental ischemia followed by reperfusion (63) . The rapid rise in pro-IL-18 mRNA and IL-18 protein was followed by a delayed increase in IL-18BP (62) . The use of an IL-18-neutralizing antibody, given to the mouse 1 h before ischemia, reduced infarct size (63) . Furthermore, injection of mesenchymal stem cells derived from mice overexpressing IL-18BP into the coronary artery or myocardium of rats before ischemia resulted in increased left ventricular developed pressure (LVDP), improved ejection fraction and decreased infarct size (64) . These results show that IL-18 is increased after myocardial infarction and that blockade of IL-18 may be beneficial. The mechanism by which IL-18 blockade reduces infarct size has not been fully characterized (63) . Further studies are needed to see if blocking IL-18 confers a sustained benefit to the heart in terms of more favorable cardiac remodeling and preserved function.
Acute Myocarditis
A study conducted using biopsy and autopsy specimens collected from patients with acute myocarditis highlighted the presence of the inflammasome in the heart tissue of patients but not of control subjects (65) . The analysis also revealed that the presence of the inflammasome in the heart correlated with the severity of HF symptoms and predicted lack of functional recovery at follow up (65) . This suggests that the inflammasome (and related cytokines including IL-1β and IL-18) may play an important role in the tissue injury response to myocarditis. A recent study evaluated the levels of IL-18, IL-18Rα, IL-18Rβ and IL-18BP in the heart of rats with autoimmune myocarditis (61) . All four proteins were strongly increased in myeloid cells and mildly increased in cardiomyocytes. Hydrodynamic-based IL-18BP gene delivery ameliorated left ventricle (LV) remodeling, preserved LV function, reduced myocardial leukocyte infiltrates and myocardial hypertrophy and reduced the expression of brain natriuretic peptide (BNP) and several proinflammatory cytokines (61) .
Contractile Dysfunction
Similar to other inflammatory cytokines like IL-1β and tumor necrosis factor-α (TNF-α), IL-18 has cardiodepressant effects (58, 66) . However, given that IL-18 also induces the production of these same proinflammatory cytokines, it has been difficult to isolate the individual contributions of each cytokine (67) (68) (69) . Reciprocally, IL-1, TNF, IL-6, IL-10 and other cytokines induce production of IL-18 (70) .
As noted previously, daily administration of IL-18 in healthy mice decreased LV contractility and relaxation (58) . Blocking IL-18 with IL-18BPa improved contractile function when added to the perfusate in an ischemia-reperfusion model using human atrial myocardium (71) . Neutralization of IL-18 with an anti-mouse IL-18 antibody prevented LPS-induced myocardial dysfunction, reduced myocardial neutrophil infiltration by 55% and attenuated ICAM-1 and VCAM-1 myocardial expression by 50 percent and 37 percent, respectively (72) . In vitro IL-18 increased peak and diastolic calcium transients but reduced shortening of isolated cardiomyocytes (58, 62) . The increase in calcium may be a compensatory mechanism to overcome the cardiodepressant effects of IL-18, but may also lead to decreased responsiveness of the myofilaments. IL-18 also activates human neutrophils and primes them for free radical production through activation of p38MAPK in vitro and increases neutrophil accumulation in the peritoneal cavity of mice (43, 66, 73) . Neutralizing IL-18 after LPS injection had no effect on TNF-α production, however, TNF-α KO mice had reduced levels of IL-18, suggesting that TNF-α-induced cardiodepressant effects may be mediated by the induction of IL-18 (72) . A separate study using daily administration of IL-18 to induce myocardial dysfunction, however, saw no increase in the production of TNF-α or ICAM-1 (58) .
In vivo IL-18 induces contractile dysfunction induced by IL-1β or by plasma collected from patients with HF through p38 MAPK (74) . Blockade of IL-18 with IL-18BPa, a neutralizing antibody, or with genetic manipulation, prevents the development of systolic dysfunction induced by IL-1β but does not alter IL-6 levels (74). These findings suggest that the blockade of IL-18 improves the systolic function by preventing the activation of p38 MAPK without interfering with other effects of IL-1, such as the activation of COX-2.
β-Adrenergic Receptor Signaling
There is a close interplay between β-adrenergic signaling and HF progression. Hyperactivity of β-adrenergic receptors results in HF, and patients with high circulating catecholamines have less functional (that is, desensitized) β-adrenergic receptors (β-ARs) (75) (76) (77) . This effect can be reproduced in animal models by chronic exposure to high doses of β-adrenergic agonists, such as isoproterenol (IPO; Figure 3) (78, 79) . Simulation of β-adrenergic receptors with IPO increases β 2 -AR and NF-κB signaling, resulting in increased IL-18 mRNA in mouse myocardial tissue and serum as early as 2 h and continuing for up to 72 h, with protein concentrations peaking at 3 h (79). Direct administration of IL-18 induces further β-AR dysfunction as measured by reduced responsiveness to IPO (51) . IPO also increases production of IL-18BP from adult mouse cardiomyocytes for up to 24 h (78).
Apoptosis
IL-18 induces apoptosis in many models but appears to be cell-type specific. When treated with IL-18, human cardiac microvascular endothelial cells (HCMEC), which act as an important barrier between the lumen of the vessel and the tissue surrounding it, decreased production of the antiapoptotic protein Bcl-2 and increased production of the proapoptotic proteins Fas and Fas ligand (Fas-L) via activation of NF-κB (80) . Fas-L binds the Fas receptor, which recruits the Fasassociated death domain (FADD), activates caspase-8 and starts a proapoptotic cascade. IL-18 also has been shown to induce Fas-L-mediated cytotoxicity in murine Th1 cells and NK cells independently of IFN-γ or TNF-α production (81, 82) . After treatment with IL-18, HCMECs also showed an increase in the activation of the pro apoptotic protein BH3, interacting domain death agonist (BID) into the truncated form, tBID, which induces the release of cytochrome c from mitochondria and activation of caspase-9/-3 dependent apoptosis (80) . Further studies revealed that IL-18 also prevented prosurvival signals through increased transcription of the tumor sup- pressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN) by p38MAPK and subsequent NF-κB activation, resulting in increased apoptosis of HCMECs (83) (see Figure 1) . However, IL-18 does not appear to induce apoptosis in neutrophils (73) . The effect of IL-18 on cardiomyocyte apoptosis is not established.
Extracellular Matrix Remodeling
An eight-fold increase in interstitial collagen content, indicative of increased fibrosis and subsequent wall stiffness, was seen in cardiac tissue of mice after 7 d of treatment with IL-18 (59). Fibrosis is induced through an increase in osteopontin (OPN), an extracellular matrix protein involved in the regulation of collagen levels in the heart (84) . OPN has been implicated in a number of adverse cardiac remodeling events and is found in the serum of patients with advanced HF (85) . Induction of pressure overload in mice resulted in increased IL-18 and OPN gene and protein expression and increased fibrosis, while IL-18 alone was sufficient to induce OPN both in vivo and in vitro in murine cardiac fibroblasts (84) . The addition of a neutralizing antibody to the IL-18R blocked the increase in OPN, and silencing of the transcription factor IRF1 decreased IL-18 expression and subsequently impaired OPN gene expression in cardiac fibroblasts (Figure 1 ) (84) . IL-18 also induces fibronectin expression in human cardiac fibroblasts, which is another way by which IL-18 could exert its profibrotic effects (86) . Rat cardiac fibroblasts exposed to IL-18 had increased expression of collagen type I and III, periostin and matrix metalloproteinase 2 (MMP-2) and altered migratory properties (87) .
Interleukin-18 Blockade
Although still in the initial phases, trials investigating the safety and efficacy of the recombinant human IL-18BP (r-hIL-18BP) and of a blocking IL-18 antibody have been designed over the past years (88) (89) (90) . The r-hIL-18BP can be given as a short acting subcutaneous injection and must be given every 2 d to maintain blood levels (89) . In healthy volunteers and patients with moderate-to-severe rheumatoid arthritis (RA) or plaque psoriasis, r-hIL-18BP showed favorable safety profiles with adverse events mild to moderate in severity and most commonly including injection site reactions (89) . When given every 2 d, steady state levels of r-hIL-18BP were achieved within 4 to 6 d with the half-life of the molecule between 33.7 and 40.1 h (89). The efficacy of an antibody blocking IL-18 in type 2 diabetes is under investigation in an ongoing clinical trial (91) . The primary advantage of an IL-18 neutralizing/ blocking antibody would be a longer elimination half-life that may allow monthly or quarterly administration.
CONCLUSION AND FUTURE DIRECTIONS
Over the last 20 years, IL-18 has proven to be much more than simply an IFN-γ inducing factor. An increase in IL-18 activity has been correlated with a number of human pathologies including AMI, HF, and pressure-overload. Considering the role of IL-18 in mediating acute cardiac effects such as contractile dysfunction and β-AR desensitization as well as chronic cardiac changes like hypertrophy and fibrosis, it is reasonable to hypothesize that IL-18 blockade may represent a valuable strategy in both acute and chronic cardiac diseases (Figure 4) . Genetic deletion or neutralization of IL-18 reduces myocyte hypertrophy in models of pressure overload or LPS-induced myocardial dysfunction (60, 72) . Preventing IL-18 activity by pretreatment with a neutralizing antibody, IL-18BPa, NLRP3 inhibitors or caspase-1 inhibitors improves contractile function and decreases infarct size after ischemia-reperfusion injury, providing the basis for additional studies of these molecules in AMI (63, 71, 90) . Inhibition of IL-18 may, however, impede the physiologic hypertrophic response following pressure overload, and lead to maladaptive remodeling (53) . Preclinical studies of IL-18 targeted treatments with IL-18BP or IL-18Ab given during ischemia or at the time of reperfusion are lacking. If such studies were able to confirm a protective effect of IL-18 that is maintained over time and not associated with an impairment in infarct healing in preclinical AMI modes, then pilot clinical trials in ST-segment elevation AMI (STEMI) and non-STEMI may be warranted, as has occurred with IL-1 blockers (92) (93) (94) (95) . A comparison between IL-18 and IL-1 blockers in AMI would provide further understanding of whether the two cytokines have overlapping or synergistic effects or whether IL-18 mediates IL-1 effects (as suggested in [74] ). The acute cardiodepressant effect of IL-18 suggests that IL-18 blockade may represent a valuable treatment for acute decompensated or chronic symptomatic HF. The effects of IL-18 appear to affect both systolic and diastolic function (51, 52) . Preliminary data with IL-1 blockade show that IL-1 activity may be a modifiable factor in patients with HF (1, 3, 94, 96, 97) and the mechanistic links between IL-18 and IL-1 suggest that IL-18 blockade may have similar beneficial effects (1, 74) . Therefore IL-18 blockade may be used in those patients with elevated IL-1 to improve LV function without altering other IL-1 mediated effects.
Heart failure with preserved ejection fraction (HFPEF) is a disease characterized by impaired filling of the LV due to increased fibrosis and cardiomyocyte hypertrophy (98) . Inflammatory cytokines contribute to the pathophysiology of HFPEF (96, 99) , thus IL-18 is a potential target for HFPEF due to its prohypertrophic and profibrotic effects (56) (57) (58) (59) (60) 84, 86, 87) . The chronic prohypertrophic and profibrotic effects of IL-18 in animal studies suggest that a longer duration of IL-18 blockade may prevent, or even reverse, the development of pathologic cardiac hypertrophy; however it also may prevent development of physiologic hypertrophy (53) .
Targeted intervention of IL-18 might be advantageous considering the differences in signaling with IL-1 on COX-2 induction (39) . The effects of IL-18 blockade on the host defense against opportunistic infections in patients will, however, need to be assessed (100) (101) (102) . The decision to proceed with one or more pilot studies in this area will likely depend on the safety and pharmacokinetic profiles of the agents. Short-acting agents (for example, r-hIL-18BP) may be advantageous for conditions in which a rapid on/rapid off effect is desired and a short-term treatment is envisioned; whereas long-acting agents (for example, an IL-18 neutralizing antibody) will likely serve well for conditions in which longer duration of treatment is necessary. Many antiinflammatory strategies found effective in the animal models of heart disease have, however, failed to show beneficial effects in clinical trials, and therefore caution should be used when extrapolating preclinical results to clinical use (3).
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